Abstract. Sensitive and specific biomarkers for the early detection of cervical cancer are urgently required to reduce the high morbidity and mortality of this disease. We previously demonstrated that circulating microRNAs (miRNAs) are correlated with certain types of human cancer. The aim of this study was to investigate the altered profile of serum miRNAs in cervical cancer patients in order to predict cervical cancer at a relative early stage. Serum samples were collected from 213 cervical cancer patients and 158 age-and ethnicity-matched controls. An initial screening of miRNA expression was performed by Solexa sequencing. Differential expression was validated using the stem-loop miRNA quantitative polymerase chain reaction (qPCR) assay in individual samples and the samples were arranged by two-phase selection and validation. The Solexa sequencing results revealed 12 markedly upregulated serum miRNAs in cervical cancer patients compared with controls. The reverse transcription-qPCR analysis identified a profile of 5 serum miRNAs (miR-21, -29a, -25, -200a and -486-5p) as a cervical cancer biomarker. The receiver operating characteristic curves indicated that a panel of 5 miRNAs constitutes a more sensitive and specific diagnostic test compared with any single miRNA-based assay, the squamous cell carcinoma antigen or the carbohydrate antigen 125. More importantly, miR-29a and miR-200a may indicate tumor histological grade and progression stage. Therefore, a 5-miRNA signature identified from genome-wide serum miRNA expression profiling may serve as a fingerprint for cervical cancer diagnosis.
Introduction
Cervical cancer is the third most commonly diagnosed cancer and the fourth leading cause of cancer-related mortality in women worldwide, accounting for 9% (529,800) of total new cancer cases and 8% (275,100) of total cancer deaths among women in 2008 (1) . Cervical cancer is also the major cause of death in women of reproductive age (2) (3) (4) . Cervical cancer is characterized by a long period of preclinical disease progressing through a number of well-defined premalignant stages. The transition of normal epithelium to preneoplastic cervical intraepithelial neoplasia (CIN) and invasive cervical cancer may require >10 years (5) . The overall survival was reported to be ~80-90% for stage Ib, 70-80% for stage II, 60% for stage III and 15% for stage IVa disease (6) . From a clinical perspective, if detected prior to the point of progression to invasive disease, a variety of treatment options are available and the disease is almost certainly curable. Unfortunately, the early stages of cervical cancer are usually asymptomatic. When common signs and symptoms (such as vaginal bleeding and/or discharge and pelvic or back pain) appear, the disease is usually at an advanced stage. Furthermore, a number of these symptoms are non-specific and may represent a variety of different conditions (7) .
Cervical carcinoma in situ is confined to the epithelial layer; therefore, the Papanicolaou test (Pap smear) cannot effectively detect the lesion. A technology assessment of cervical cytology concluded that conventional Pap smear screening had a specificity of 98%, but sensitivity of only 51% (8) . Pap smear screening is not highly effective at detecting adenocarcinoma, or its precursors. Colposcopy and random biopsies may diagnose some early-stage cervical cancer patients, although the invasiveness of these diagnostic procedures limits their efficacy. CIN is asymptomatic and essentially unrecognizable on gross inspection or palpation (9) . Squamous cell carcinoma (SCC) antigen and carbohydrate antigen 125 (CA125) are two serum tumor biomarkers commonly used in clinical practice to detect and monitor cervical cancer; however, neither of these two makers is specific to this malignancy. In addition, (10, 11) . Specific and sensitive non-invasive biomarkers for the detection of human epithelial malignancy are urgently required to reduce the worldwide morbidity and mortality of cervical cancer. MicroRNAs (miRNAs) are 19-24-nt non-coding RNAs that are frequently deregulated in cancer and have shown great promise as tissue-based markers for cancer classification (12) (13) (14) . Recent studies have also demonstrated that the differential expression of tissue miRNAs in cervical cancer may be of substantial diagnostic and prognostic value (15, 16) .
The surgical collection of tissue samples is an invasive procedure. By contrast, serum sample collection is an easy and cost-effective method. We systematically demonstrated that the unique expression patterns of these circulating miRNAs are correlated with certain human diseases (17) (18) (19) (20) (21) (22) (23) . However, the global miRNA pattern in the sera of cervical cancer patients has not yet been determined.
By analyzing the genome-wide miRNA expression profile using Solexa sequencing and the stem-loop miRNA quantitative polymerase chain reaction (qPCR) assay, we aimed to determine a unique panel of miRNAs that are differentially expressed in the serum of cervical cancer patients.
Materials and methods
Study design, patients and controls. All the samples were collected from consenting individuals according to the protocols approved by the Ethics Committee of the First Affiliated Hospital of Nanjing Medical University (Nanjing, China). A multistage case-control study was designed to identify a serum miRNA profile for cervical cancer (Fig. 1 ). In total, 213 patients with primary cervical cancer and 158 control subjects were enrolled in our study. In the initial screening stage, cervical cancer serum samples pooled from 90 cervical cancer patients and control donors pooled from 64 normal samples were subjected to Solexa sequencing to identify the miRNAs. We subsequently performed a confirmation analysis with a hydrolysis probe-based reverse transcription-qPCR (RT-qPCR) assay to refine the number of serum miRNAs in the cervical cancer signature (123 cervical cancer and 94 control samples). This analysis was performed in two phases: i) Training set, serum samples from 20 cervical cancer patients and 20 controls; and ii) validation set, an additional 103 cervical cancer serum samples and 74 normal subjects. All the patients were diagnosed with cervical carcinoma and treated at the Jinling Hospital between March, 2010 and December, 2011. Blood samples were collected prior to any therapeutic procedures, such as surgery, chemotherapy or radiotherapy. The results were histopathologically confirmed following surgical resection of the tumors and tumor staging was performed according to criteria of the International Federation of Gynecology and Obstetrics. For patients who were unsuitable for surgical management, the histopathological characteristics and tumor stage were confirmed by histobiopsy and imaging technology. Control participants were recruited from a large pool of individuals undergoing a routine health checkup at the Jinling Hospital (Nanjing, China). The demographics and clinical characteristics of the patients in the training and validation sets are listed in Table I . The controls were matched to the patients by age and ethnicity. None of the healthy controls had previously been diagnosed with malignancy.
Sample processing and RNA extraction. Serum separation was performed by centrifugation of the blood samples at 3,000 x g for 10 min, followed by a 15-min high-speed centrifugation at 12,000 x g. Subsequently, the supernatant sera were stored at -80˚C until further analysis.
For the Solexa sequencing assay, equal volumes of sera from 90 patients with cervical cancer (0.67 ml each) and 64 controls with similar age and gender distributions (0.94 ml each) were pooled separately to form the case and control sample pools (Table II) . TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) was used according to the manufacturer's instructions with minor modifications to extract total RNA from each pool of serum samples (~60 ml). The aqueous phase was subjected to three steps of acid phenol/chloroform purification to eliminate protein residues prior to isopropyl alcohol precipitation. The resulting RNA pellet was dissolved in 20 µl diethylpyrocarbonate-treated water and stored at -80˚C until further analysis.
For the RT-qPCR assay, total RNA was extracted from 100 µl serum with a one-step phenol/chloroform purification protocol. In brief, 100 µl serum was mixed with 200 µl acid phenol, 200 µl chloroform and 300 µl diethylpyrocarbonate-treated water. The mixture was vortex-mixed vigorously and incubated at room temperature for 15 min. Following phase separation, the aqueous layer was mixed with 40 µl sodium acetate (3 mol/l, pH 5.3) and 800 µl isopropyl alcohol. This solution was stored at -20˚C for 1 h. The RNA pellet was collected by centrifugation at 16,000 x g for 20 min at 4˚C. The resulting RNA pellet was washed once with 750 ml/l ethanol and dried for 10 min at room temperature. Finally, the pellet was dissolved in 20 µl of ribonuclease-free water and stored at -80˚C until further analysis.
Solexa sequencing and in silico analysis. First, total RNA was extracted as mentioned above. Using PAGE purification, all the small RNA molecules (<30 bp) were isolated. After ligating a pair of adaptors to their 5' and 3' ends, the small RNA molecules were amplified for 17 cycles and then ~90-bp fragments were isolated from agarose gels. The Illumina genome analyzer (Illumina, San Diego, CA, USA) was used for cluster generation and sequencing analysis according to the manufacturer's instructions. Finally, the reads were processed for in silico analysis as previously described (23) .
RT-qPCR. Briefly, total RNA (2 µl) was reverse-transcribed to cDNA using AMV reverse transcriptase (Takara Biomedical Technology, Dalian, China) and the stem-loop RT primer (Applied Biosystems, Foster City, CA, USA). qPCR was performed using TaqMan miRNA probes (Applied Biosystems) on the Applied Biosystems 7300 Sequence Detection system. All the reactions were run in triplicate and the Ct values were determined using the fixed threshold settings. U6 and 5S rRNA are degraded in serum samples and there is no current consensus on housekeeping miRNAs for RT-qPCR analysis of serum miRNAs; furthermore, our group observed that the expression level of the mixture of let-7i, -7g and -7d is rather stable in human serum (24) . Therefore, the miRNA expression level was normalized to the mixture of let-7i, -7j and -7d in our study. The relative expression levels of target miRNAs were determined by the 2 -ΔΔCt equation, in which ΔCt was calculated as follows: ΔCt = Ct miR-of-interest -Ct let-7 . The miRNA expression levels were also normalized to the serum volume in this study.
SCC antigen and CA125 determination.
The serum levels of SCC antigen and CA125 were measured by chemiluminescence immunoassay using an ARCHITECT™ i2000SR Access Immunoassay system (Abott, Lake Forest, IL, USA).
Statistical analysis.
Quantitative data are presented as means ± standard deviation. Statistical significance was determined using the Student's t-test. P<0.05 was considered to indicate a statistically significant difference. For each miRNA, we constructed a receiver operating characteristic (ROC) curve and calculated the area under the ROC curve (AUC) to evaluate the specificity and sensitivity of cervical cancer prediction. We performed a risk score analysis to evaluate the associations between cervical cancer and serum miRNA expression level. The risk score of each miRNA, denoted as s, was set to 1 if the expression level was higher than the upper 95% confidence interval (95% CI) for the corresponding miRNA level in controls and to 0 otherwise. A risk score function (RSF) to predict cervical cancer risk was defined according to a linear combination of the expression level for each miRNA. For example, the RSF for sample i using information from 5 miRNAs was calculated as follows:
In this equation, s ij is the risk score for miRNA j on sample i and W j is the weight of the risk score of miRNA j. To determine W s , five univariate logistic regression models were fitted using the disease status with each of the risk scores. The regression coefficient of each risk score was used as the weight to indicate the contribution of each miRNA to the RSF. Frequency tables and ROC curves were then used to evaluate the diagnostic effects of the profiling and to determine the appropriate cut-off point. All the statistical analyses were performed with Statistical Analysis system software, version 9.1.3 (SAS Institute, Cary, NC, USA).
Results

Clinical characteristics of the patients.
All the patients enrolled in the present study had been clinically and pathologically diagnosed with cervical cancer. There was no significant difference in the distribution of age, marital and menopausal status between the cancer patients and the controls. In general, cervical cancer patients and controls had no other diseases, including significant cardiac dysfunction, hypertension, neurological disorders or diabetes at the time of blood sample collection (Table I) .
Solexa sequencing of serum miRNAs in cervical cancer.
The Solexa data revealed that miRNAs were the major components of small RNAs (<30 bp) in the serum. The expression of a miRNA was considered 'significantly altered' only if ≥20 copies were detected by Solexa sequencing, together with a >1.5-fold change in its expression level between the patient and control groups. Based on these criteria, the 12 miRNAs found to be differentially expressed in cervical cancer were further analyzed by RT-qPCR (Table III) .
Confirmation of miRNA production by RT-qPCR analysis.
We used the RT-qPCR assay to confirm the expression of candidate miRNAs. In the training set, miRNAs were measured in a separate set of individual serum samples from 20 cervical cancer patients and 20 healthy controls; only miRNAs with a mean change >1.5-fold and a P<0.05 were selected for further analysis (Fig. 1) . This phase generated a list of 5 miRNAs that had a significant differential expression pattern, namely miR-21, -29a, -200a, -25 and -486-5p. Compared to their levels in control samples, these 5 miRNAs were increased by (Table IV) . These 5 miRNAs were further examined by RT-qPCR in a larger cohort including 103 cervical cancer patients and 74 matched controls. The miRNA expression pattern alterations in the validation set were consistent with those in the training set (Table IV ). The differences in concentration for the 5 miRNAs in 123 cervical cancer patients and 94 control subjects enrolled in the training and validation sets are shown in Fig. 2 .
Risk score and ROC curve analysis. To further evaluate the diagnostic value of the 5-miRNA profiling system, we used a risk score formula to calculate RSF for cervical cancer and control samples. The samples were ranked according to their RSF and then divided into a high-risk group (predicted cervical cancer cases) and a low-risk group (control individuals). The frequency table and the ROC curves were then used to evaluate the diagnostic effect of the 5-miRNA profiling system and determine the appropriate cut-off point.
The ROC curves constructed to compare the relative concentrations of the 5 miRNAs in the cervical cancer patients and healthy controls yielded the following AUCs (Fig. 3A-E) . Among the 5 miRNAs investigated, miR-21 displayed the highest sensitivity and specificity for cervical cancer diagnosis. To illustrate the contribution of individual serum miRNAs to the AUC of the ROC curve, we established ROC curves to evaluate the diagnostic value of each miRNA for differentiating between cervical cancer cases and controls. We found that the subsequent addition of each of the 5 miRNAs incrementally improved the sensitivity and specificity of the miRNA-based biomarkers in discriminating cervical cancer cases from controls (Fig. 3F) (Fig.3G and H) . With an optimal cut-off value, in which the sum of the sensitivity and specificity was maximal, the specificity was 88.6 and the sensitivity was 81.0%. The positive and negative predictive values were 0.90 and 0.78, respectively (Table V) . The results Table IV . Differentially expressed serum microRNAs (miRNAs) in cervical cancer cases compared to controls in the training and validation sets.
Training set (fold-change ± SD)
Validation set (fold-change ± SD) (Fig. 4) . As shown in Fig. 4B , the serum miR-29a level was progressively higher from earlier-stage disease (CIN) to later stages (I and II). In addition, miR-29a and miR-200a also exhibited a distinct upregulation in poorly differentiated cases compared with patients with well-or moderately differentiated tumors. 
Discussion
miRNAs in human serum and other body fluids remain stable after being subjected to harsh conditions, under which most RNAs would be degraded (25) (26) (27) . Possible explanations for the remarkable stability of miRNAs in the serum are that they are protected by binding proteins or microvesicles and that they may be chemically modified (e.g., methylation) (26, 27) . Several studies have suggested that active secretion by cells is a major source of serum miRNAs. Furthermore, recent studies revealed the novel genetic exchange between cells using miRNAs, either in microvesicles (≤1 µm) or in small membrane vesicles of endocytic origin, referred to as exosomes (50-100 nm) (28) (29) (30) . The secreted miRNAs contained in exosomes may also be transferred from tumor cells to tumor cells, or from tumor cells to normal cells, indicating that an oncogene may be propagated horizontally through exosomes (31) . In addition to this high stability, the characteristics of miRNAs, such as tissue-specific miRNA signatures and the availability of several copies per cell, indicate potential advantages as biomarkers compared with other nucleic acids, such as circulating DNA and mRNA (32, 33) . Thus, previous findings support that circulating miRNAs may be used as non-invasive diagnostic markers. Despite differences in pathogenesis, tumors share common characteristics, such as unlimited proliferation and rapid metastasis. The upregulation of certain miRNAs is likely to be observed in the sera of patients with tumors. In this study, we systematically demonstrated that serum miR-21, -29a, -25, -200a and -486-5p may serve as a non-invasive, accurate biomarkers for cervical cancer diagnosis. The ROC curves indicated that a panel of 5 miRNAs has great potential as a more sensitive and specific diagnostic test compared with any single miRNA-based assay, the SCC antigen and CA125 for cervical cancer.
The functional study of miRNAs in tumor tissue may also be helpful for evaluating serum miRNAs as indicators of various types of cancer. Hu et al (16) suggested that miR-200a is potentially involved in tumor control by regulating cancer cell metastasis. Zhang et al (34) demonstrated that miR-25 directly regulates apoptosis by targeting Bim in ovarian cancer. miR-486-5p may function as a novel tumor suppressor miRNA in gastric cancer and its anti-oncogenic activity may involve the direct targeting and inhibition of olfactomedin 4 (35) . Such findings suggested that serum miRNAs may play a pivotal and general role as signaling molecules in physiological and pathological events.
Patients with CIN may undergo extensive hysterectomy, which is likely curative in these patients. We further focused on whether these miRNAs may be used as diagnostic markers for early cervical cancer. These 5 miRNAs were clearly upregulated in cervical cancer patient serum samples compared with control samples and exhibited an average ~1.8-fold change in patients with CIN, whereas the Pap smear is relatively inefficient. More importantly, miR-29a and miR-200a may be of value for clinical monitoring and prognosis. The results suggested a potential application in diagnosing cervical cancer at an early stage, even at the precancerous lesion stage.
In 1995 the World Health Organization declared human papillomavirus (HPV) as a known carcinogen for cervical cancer, as the DNA of mucosal high-risk HPV types was detected in almost all cervical cancers (36) . The elucidation of unidentified genetic alterations due to HPV and miRNA interactions may shed more light on the mechanistic underpinnings of HPV-induced oncogenesis (37) . HPVs exhibit oncogenic properties, at least in part by reshaping the milieu of cellular miRNAs and miR-29a is associated with HPV E6/E7 expression in vivo at the pre-neoplastic stage (38) . Hence, our results may also be helpful in investigating the mechanisms underlying the development of HPV-infected malignant neoplasms in the future.
In summary, our study identified a panel of 5 serum miRNAs as a signature for cervical cancer detection at its early stages. miR-29a and miR-200a were also clearly upregulated in poorly differentiated cases compared with patients with well-or moderately differentiated tumors. These results may provide impetus for the clinical value of serum miRNAs in predicting the prognosis of cervical cancer.
